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An  exergitic-based  analysis  of  methane  (CH4)  conventional  and  flameless  combustion  in  a  lab-scale  fur¬ 
nace  is  performed  to  determine  the  rate  of  pollutant  formation  and  the  effective  potential  of  a  given 
amount  of  fuel  in  the  various  combustion  modes.  The  effects  of  inlet  air  temperature  on  exergy  efficiency 
and  pollutant  formation  of  conventional  combustion  in  various  equivalence  ratios  are  analyzed.  The  rate 
of  exergy  destruction  in  different  conditions  of  flameless  combustion  (various  equivalence  ratios,  oxygen 
concentration  in  the  oxidizer  and  the  effects  of  diluent)  are  computed  using  three-dimensional  (3D)  com¬ 
putational  fluid  dynamic  (CFD).  Fuel  consumption  reduction  and  exergy  efficiency  augmentation  are  the 
main  positive  consequences  of  using  preheated  air  temperature  in  conventional  combustion,  however 
pollutants  especially  N0X  formation  increases  dramatically.  Low  and  moderate  temperature  inside  the 
chamber  conducts  the  flameless  combustion  system  to  low  level  pollutant  formation.  Fuel  consumption 
and  exergy  destruction  reduce  drastically  in  flameless  mode  in  comparison  with  conventional  combus¬ 
tion.  Exergy  efficiency  of  conventional  and  flameless  mode  is  75%  and  88%  respectively  in  stoichiometric 
combustion.  When  C02  is  used  for  dilution  of  oxidizer,  chemical  exergy  increases  due  to  high  C02  con¬ 
centration  in  the  combustion  products  and  exergy  efficiency  reduces  around  2%  compared  to  dilution 
with  nitrogen  (N2).  Since  the  rate  of  irreversibilities  in  combustion  systems  is  very  high  in  combined  heat 
and  power  (CHP)  generation  and  other  industries,  application  of  flameless  combustion  could  be  effective 
in  terms  of  pollutant  formation  mitigation  and  exergy  efficiency  augmentation. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Today  around  80%  of  electricity  of  the  world  is  provided  by  com¬ 
bustion  process  of  which  coal,  natural  gas  and  nuclear  energy  are 
the  main  sources  of  power  generation  by  45%,  20%  and  15%  respec¬ 
tively  1  -3  ] .  The  chemical  potential  energy  of  the  fuel  is  usually  con¬ 
verted  to  the  electricity  by  combustion  phenomena  in  boiler  steam 
turbine  systems.  Not  only  power  generation  but  also  development 
of  industrial  sectors  is  in  debt  of  combustion  systems.  Steel  facto¬ 
ries,  glass  making,  cement  production,  petroleum  refining,  food  pro¬ 
duction  are  the  main  fossil  fuel  consumers  through  combustion 
systems  in  the  world  4-7  .  Therefore,  combustion  efficiency  plays 
crucial  role  in  heating-  related  energy  savings.  Heat  is  lost  from 
combustors  via  various  methods  such  as  radiation  losses  and  hot 
flue  gas  losses.  Thus,  it  is  vital  to  identify  the  energy  wastage  factors 
in  the  combustion  system  to  optimize  the  combustion  operation.  It 
has  been  pointed  out  that  if  the  temperature  of  exhaust  gases  in  a 
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boiler  is  about  550  K,  around  30%  of  the  boiler’s  energy  is  wasted. 
Hence,  substantial  part  of  energy  could  be  returned  by  the  heat 
recovery  from  flue  gases  [8].  Although  the  first  law  of  thermody¬ 
namics  (FLT)  is  applied  to  analyze  the  energy  consumption,  the 
quality  aspect  of  energy  is  not  taken  into  consideration.  Therefore, 
exergy  analyses  based  on  second  law  of  thermodynamic  (SLT) 
should  be  done  to  determine  the  effective  work  potential  of  a  given 
amount  of  energy  at  reference  state.  Energy  and  exergitic  analyses 
have  been  performed  for  various  industrial  systems  in  different 
countries  [9-13].  In  addition,  exergy-based  analysis  is  usually  done 
to  evaluate  the  performance  of  thermochemical  or  thermal  systems 
[14,15].  Exergy  expresses  the  right  efficiency  of  the  engineering 
systems  through  linkage  between  the  physical,  engineering  and 
environment  aspects.  Thus,  exergy  computation  can  provide  a 
deeper  insight  into  the  system  and  new  projections  for  process 
improvement  could  be  feasible  [16].  Consequently,  both  energy 
and  exergy  analyses  of  a  process  is  vital  to  optimize  and  improve 
the  performance  of  the  system  through  taking  appropriate  energy 
strategies  [17,18  .  Furthermore,  exergy  analysis  plays  crucial  role 
for  global  environmental,  national  pollution  reduction,  energy  plan¬ 
ning,  resource  optimization  and  regional. 
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Nomenclature 

Tij 

stress  tensor 

Cp 

specific  heat  capacity 

Qi 

heat  flux 

$out 

entropy  of  exhaust 

Sk 

species  mole  flux  per  unit  area 

Sr 

reference  entropy 

jki 

chemical  potential 

Tout 

outlet  pressure 

xk 

partial  mole  entropy  of  kth  species 

Pr 

reference  pressure 

Wc 

reaction  rate  of  the  cth  chemical  reaction 

eXch 

standard  molar  chemical  exergy  (kj/mol) 

yl 

stoichiometric  coefficient  on  reactant  side 

P 

1  wv 

pressure  of  water  vapor 

y'kr 

stoichiometric  coefficient  on  product  side 

Twv 

water  vapor  temperature 

£XpYi0Ut 

physical  exergy  at  outlet 

Ps 

partial  pressure 

^ch,out 

chemical  exergy  at  outlet 

nWv 

mole  of  water  vapor 

PXinO 

inlet  exergy  of  oxidizer 

Xdry 

mole  of  dry  products 

hout 

enthalpy  at  outlet 

Exq 

exergy  destruction 

Tr 

reference  temperature 

m 

mass  flow  rate 

Tout 

exhaust  temperature 

Due  to  importance  of  combustion  systems  in  the  industrializa¬ 
tion,  some  fundamental  investigations  have  been  done  to  improve 
the  efficiency  of  combustion  process.  Therefore  study  about  perfor¬ 
mance  of  gaseous  fuel  in  the  combustion  systems,  heat  transfer  of 
combustor,  effects  of  excess  air  and  exhaust  gas  recirculation  on 
the  combustion  stability  have  been  more  highlighted.  Further¬ 
more,  depletion  of  fossil  fuel  resources  and  stringent  environmen¬ 
tal  laws  have  conducted  the  combustion  studies  to  find  efficient 
and  clean  combustion  technologies  [19  .  Flameless  combustion 
known  as  Moderate  and  Low  oxygen  Dilution  (MILD)  combustion 
[20],  Low  NOx  Emission  Injection  or  Colorless  Distributed  Combus¬ 
tion  (CDC)  [21],  High  Temperature  Air  Combustion  (HiTAC)  [22] 
and  Flameless  Oxidation  (FLOX)  [23]  is  a  new  combustion  method 
for  industrial  chambers  has  been  recently  developed  to  reduce 
emissions  and  simultaneously  to  generate  high  efficiency  in  the 
combustion  process.  Flameless  combustion  has  been  utilized  in 
steel  making,  cement  industries  and  glass  making  factories 
[24,25],  industrial  boilers  [26],  gas  turbines  [27]  and  such  indus¬ 
tries  that  an  uniform  temperature  distribution  within  the  furnace 
is  required  [25].  In  gaseous  fuel  flameless  combustion,  gas  and 
highly  diluted  and  preheated  air  react  at  the  temperatures  over 
the  auto-ignition  temperature  of  the  fuel.  In  this  circumstance, 
flame  could  not  be  stable  and  lifts  off  [28  .  Flameless  combustion 
regime  could  be  sustained  when  diluted  air  injected  into  the  cham¬ 
ber  at  extremely  high  velocity  [29],  thus  low  amount  of  oxygen 
concentration  and  high  Reynolds  number  of  oxidizer  disappears 
the  flame  [30].  Flameless  combustion  of  various  gaseous  fuel  such 
as  methane,  propane,  biogas  and  natural  gas  has  been  investigated 
[31-36].  In  the  experimental  investigation  performed  by  Hosseini 
et  al.  [37  ,  the  thermal  efficiency  of  biogas  conventional  and  flame¬ 
less  combustion  in  a  lab-scaled  furnace  was  reported  32%  and  53% 
respectively.  Colarado  et  al.  [38]  pointed  out  that  the  efficiency  of 
natural  gas  flameless  combustion  is  2%  higher  than  biogas.  Low 
NOx  formation  and  fuel  consumption  reduction  are  the  main  char¬ 
acteristics  of  gaseous  fuel  flameless  combustion  technology  which 
have  been  discussed  in  various  literatures  [37,39,40].  Although 
combustion  characteristics  of  various  fuel  flameless  mode  have 
been  developed  in  terms  of  energy  saving  and  pollutant  reduction 
experimentally  and  numerically,  the  SLT-based  analyses  of  flame¬ 
less  combustion  system  has  not  been  taken  into  account.  In  this 
study,  exergitic-based  analysis  of  conventional  and  flameless  com¬ 
bustion  in  a  lab-scale  furnace  is  investigated  and  the  effects  of  var¬ 
ious  parameters  such  as  equivalence  ratio,  dilution  and  the 
temperature  of  preheated  oxidizer  on  the  exergy  destruction  of 
the  combustion  system  are  analyzed. 

Heat  transfer  through  chamber  walls  is  responsible  for  a  part  of 
energy  loss  in  the  combustion  furnaces.  Thus,  combustors  are 


usually  insulated  to  minimize  heat  dissipation  to  the  environment. 
Since  maintaining  the  heat  inside  the  furnace  is  crucial  in  the  sus¬ 
tainability  of  flameless  mode,  high-qualified  refractory  such  as 
ceramic  should  be  installed  inside  the  chamber.  Consequently,  heat 
loss  from  flameless  combustors  is  very  low  41].  In  theoretical 
study,  work  involvement  of  the  adiabatic  chambers,  potential 
and  kinetic  energy  of  the  air  and  gaseous  fuel  streams  are  usually 
neglected. 


2.2.  Exergy  of  gaseous  fuel  combustion 


Exergy  analysis  of  various  models  of  conventional  combustion 
such  as  premixed  and  non-premixed,  turbulent  jet  flames  as  well 
as  laminar  flame  have  been  developed  by  different  researchers 
up  to  now.  The  related  investigations  were  done  by  numerical 
approach  of  the  conservation  equations  to  calculate  the  rate  of 
entropy  generation  of  combustion  process.  Stanciu  et  al.  [42] 
pointed  out  that  in  laminar  non-premixed  flame  when  pressure 
is  constant,  an  uncoupled  irreversibility  is  created  due  to  mass 
diffusion,  viscous  dissipation,  chemical  reactants  and  heat  conduc¬ 
tion.  Local  entropy  generation  in  a  laminar  non-premixed  flame 
was  analyzed  by  Nishida  et  al.  [43].  Temperature  distribution 
inside  the  chamber  as  well  as  the  radial  mole  fraction  of  species 
and  the  rate  of  local  entropy  generation  for  irreversible  processes 
at  a  single  axial  height  were  presented.  It  was  concluded  that  the 
contribution  of  thermal  conduction  in  entropy  generation  is  more 
important  than  the  contribution  of  chemical  reactions.  A  numerical 
investigation  was  performed  by  Datta  et  al.  [44]  to  analyze  the 
entropy  generation  of  laminar  non-premixed  flame  of  methane/ 
air.  The  chemical  reaction  was  considered  single  step  and  Lewis 
number  was  unity.  It  was  found  that  the  effect  of  viscous  dissipa¬ 
tion  could  be  neglected  and  the  entropy  generation  was  attributed 
to  mass  diffusion,  chemical  reaction  and  thermal  diffusion.  Entropy 
generation  inside  the  combustion  furnace  has  been  attributed  to 
the  non-equilibrium  circumstances  because  the  exchange  of 
energy,  momentum  and  mass  of  various  species  within  the  solid 
boundaries  and  the  fluid.  In  the  other  word,  chemical  reactant, 
irreversible  nature  of  viscous  effects,  mass  diffusion  and  heat 
transfer  between  fluid  and  solid  boundaries,  body  force  effects  as 
well  as  coupling  effects  between  heat  and  mass  transfer  are  the 
main  causes  of  entropy  generation  in  the  combustion  systems. 
Therefore,  the  local  entropy  generation  is  derived  from  Eq.  (1)  [45]. 

'dUi \  ■  ;  fdxk\  y^/C  ^  ■  (qts 
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In  Eq.  (1),  the  first  term  in  the  right  hand  side  is  from  the  gaseous 
fuel  friction,  the  second  and  third  terms  are  due  to  heat  and  mass 
transfer  respectively  and  the  fourth  term  is  their  coupling  result, 
the  fifth  term  is  from  the  body  force  effects  and  the  sixth  term  is 
due  to  the  chemical  reactions. 


2.  Flameless  achievement 

In  order  to  obtain  flameless  combustion,  the  system  should  be 
run  in  the  conventional  regime  to  preheat  the  furnace  and  increase 
the  temperature  within  the  chamber  more  than  the  auto-ignition 
of  the  fuel.  After  transient  step,  flameless  mode  is  started  when 
high  temperature  diluted  oxidizer  injected  into  the  chamber  at 
high  velocity  and  flame  front  is  disappeared.  In  this  circumstance, 
audible  and  visible  flame  is  paled  and  the  reaction  zone  spreads  to 
the  downstream  region  of  the  chamber,  hot  spots  are  eliminated, 
uniform  temperature  is  appeared  inside  the  furnace  and  NOx  for¬ 
mation  reduces.  In  the  flameless  combustion  regime,  since  flame 
is  not  constituted,  the  peak  temperature  and  consequently  the 
mean  temperature  of  the  furnace  is  lower  than  conventional  com¬ 
bustion  46]. 

2.2.  Numerical  setting 

In  this  study,  the  lab-scaled  flameless  furnace  system  presented 
in  ref  [37]  is  the  basic  model  for  computations.  The  3D  simulation 
of  this  chamber  was  performed  with  ANSYS  14  using  ANSYS 
Modeler  to  design  the  chamber  and  ANSYS  Meshing  [47]  to  mesh 
the  furnace  by  Ref.  [48]  and  the  numerical  setting  and  governing 
equations  were  explained  for  biogas  flameless  combustion.  Fig.  1 
displays  the  schematic  of  the  studied  chamber. 

Due  to  the  symmetry  of  the  combustor,  in  order  to  decrease  the 
number  of  iterations  and  consequently  to  reduce  computational 
time,  just  an  eighth  part  of  the  furnace  is  applied  for  meshing. 
Same  setting  has  been  utilized  for  CH4  flameless  combustion  in  this 
project.  The  behavior  between  mixing  and  reaction  in  a  combus¬ 
tion  system  is  characterized  by  Damkohler  (Da)  number,  which  is 
defined  as  the  ratio  of  the  flow  time-scale  to  the  chemical  time- 
scale.  Since  Da  number  is  more  than  one,  specious  transport,  meth- 
ane-air-2step  are  set  for  mixture  modeling  and  eddy  dissipation 
model  (EDM)  is  adjusted  for  turbulence  chemistry  interaction 
[47].  The  concentration  of  oxygen  in  the  oxidizer  stream  is  set 
21%  by  volume  for  CH4  conventional  combustion  and  7%  by  volume 
in  the  flameless  mode  and  dilution  is  done  by  nitrogen  (N2).  In 
order  to  study  the  effects  of  oxidizer  dilution  on  the  exergy  effi¬ 
ciency,  flameless  combustion  by  5%  and  10%  oxygen  concentration 
is  simulated  too.  A  part  from  N2,  oxidizer  is  also  diluted  by  C02  to 
study  the  effects  of  various  diluents  on  the  exergy  efficiency  of 


Fig.  1.  The  schematic  of  flameless  chamber. 


flameless  mode.  The  inlet  temperature  of  CH4  and  oxidizer  are 
300  K  and  in  order  to  study  the  various  aspects  of  traditional  com¬ 
bustion,  the  effects  of  preheated  oxidizer  (Tiniet,air  =  500,  700, 
900  K)  as  well  as  equivalence  ratio  (cp  =  0.6,  0.8,  1,  1.2)  are  simu¬ 
lated.  Indeed,  the  characteristics  of  flameless  combustion  in  terms 
of  exergy  destruction  is  investigated  in  the  aforementioned  equiv¬ 
alence  ratios  when  (Tiniet,air  =  900  K).  Preheated  oxidizer  provides 
the  required  enthalpy  for  CH4  flameless  combustion.  The  summa¬ 
ries  of  inlet  oxidizer  boundary  condition  and  fuel  inlet,  wall  and 
pressure  outlet  boundary  condition  have  been  presented  in  Tables 
1  and  2  respectively.  In  addition,  Table  3  illustrate  the  general  set¬ 
ting  of  simulation. 


2.2.  Theoretical  assumptions 


Obviously,  the  primary  way  of  exergy  destruction  minimization 
in  a  combustion  system  is  irreversibility  reduction  in  chemical 
reactions  and  heat  conduction  through  appropriate  control  of 
physical  processes.  In  the  calculation  of  combustion  system  exergy, 
kinetic  and  potential  exergy  are  neglected  and  just  physical  and 
chemical  exergy  are  taken  into  consideration.  Physical  exergy  of 
a  system  is  equal  to  the  maximum  amount  of  work  than  can  be 
achieved  from  the  system  when  the  temperature  and  pressure  of 
the  system  are  changed  to  the  temperature  and  pressure  of  the  ref¬ 
erence  environment  [49  .  Chemical  exergy  is  very  important  in 
industrial  systems  which  chemical  energy  converted  to  the  other 
kinds  of  energy  like  combined  heat  and  power  (CHP)  generation 
from  combustion  process.  Chemical  exergy  is  defined  as  the  max¬ 
imum  work,  which  can  be  extracted  from  a  system  in  heat  transfer 
and  exchange  the  system  with  the  reference  environment  when 
the  system  is  changed  from  the  reference  environment  state  to 
the  dead  state  [49,50].  Since  in  combustion  systems,  a  considerable 
part  of  exergy  is  destructed  through  chemical  exergy,  it  should  be 
considered  in  the  various  computation  modes. 

In  complete  stoichiometric  combustion  of  methane,  when  suffi¬ 
cient  air  is  available,  the  chemical  reaction  could  be  written  as  Eq. 
(2). 

CH4  +  2(02  +  3.76N2)  -  C02  +  2H20  +  7.52N2  (2) 

In  insufficient  air  circumstances,  oxygen  of  air  reacts  with 
hydrogen  of  the  fuel  to  constitute  the  water.  Depend  on  the  avail¬ 
ability  of  oxygen;  02  converts  carbon  to  carbon  monoxide  (CO)  or 
carbon  dioxide  (C02).  Thus  with  respect  to  the  equivalence  ratio, 
Eq.  (3)  could  be  a  criterion  in  the  computations. 

CH4  + 1  (02  +  3 ,76N2 )  (1  -  3)  C02  +  (4  -  1 )  CO 

+  2H20  +  |x3.76N2  (3) 

The  specific  physical  exergy  at  the  outlet  of  combustor  is  calcu¬ 
lated  from  Eq.  (4). 


CXph,out 


(hout  -  hr)  -  Tr{S0Ut  -  Sr) 


Since  the  pressure  drop  through  combustion  furnace  is 
neglected  P outiet  =  P inlet-  Depend  to  the  conventional  or  flameless 
mode  of  combustion  Cp  is  considered  constant. 

The  specific  chemical  exergy  at  the  outlet  of  combustor  is 
computed  from  Eq.  (5). 


€Xch,out  =  J2Xl<eXch  +  RTrJ2Xl<lnXk  (5) 

where  xk  is  mole  fraction  of  specious  k  in  the  outlet  and  exkch  is 
standard  molar  chemical  exergy  (kj/mol)  [16]. 
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Table  1 

Boundary  conditions  of  oxidizer  inlet. 


Oxidizer  inlet 

Temperature 

Uniform 

Flameless  combustion 

900  I< 

Conventional  mode 

300  K,  500  K,700  K,  900  K 

Gauge  Pressure 

0 

Hydraulic  diameter 

5  mm 

Velocity 

Flameless  mode 

90  m/s 

Conventional  mode 

30  m/s 

Turbulent  intensity 

10 

Oxygen  concentration 

Flameless  combustion 

5%, 7%, 10% 

Traditional  combustion 

21% 

Density 

Flameless  mode  (T^w  =  90010 

5%  Oxygen  concentration 

0.382  g/1 

7%  Oxygen  concentration 

0.383  g/1 

10%  Oxygen  concentration 

0.3847  g/1 

Conventional  combustion  (21% 

Oxveen  concentration) 

Tnlet  =  300  K 

1.177  g/1 

Tnlet  =  500  K 

0.7063  g/1 

Tnlet  =  700  K 

0.5046  g/1 

Tnlet  =  900  K 

0.3925  g/1 

Mass  flow  rate 

Various  based  on  the  inlet  temperature 

and  oxygen  concentration 

Table  2 

Boundary  condition  of  fuel  inlet,  wall  and  pressure  outlet. 

Fuel  inlet 

Temperature 

Uniform,  300  K 

Gauge  pressure 

0 

Hydraulic  diameter 

5  mm 

Velocity 

21  m/s 

Turbulent  intensity 

10 

Fuel 

ch4 

Density 

0.66  g/1 

Wall 

Wall  slip 

Non-slip 

Material 

Steel 

Thermal  condition 

Mixed 

Heat  transfer  confection 

5  w/m2I< 

Pressure  outlet 

Hydraulic  diameter 

50  mm 

Gauge  pressure 

0 

Turbulent  intensity 

5 

Table  3 

Settings  of  simulation. 

Viscous  model 

k-s  Standard 

Radiation  model 

Discrete  ordinate  (DO) 

Combustion  model 

Species  transport 

Mixture  properties 

Methane-air  2step 

Turbulence  chemistry  interaction 

EDM 

Reaction 

Volumetric 

NO* 

Thermal  NOx 

Prompt  NOx 

When  gaseous  product  is  cooled  at  the  constant  pressure  below 
the  dew  point  temperature,  condensation  would  occur.  Thus,  the 
exact  specific  chemical  exergy  should  be  calculated  with  respect 
to  the  liquid  water  constitution.  The  partial  pressure  of  the  water 
vapor  is  calculated  by  Eq.  (6). 

Pwv  =  XwpPy  (6) 

where  Pr  is  considered  1.0135  bar. 


If  the  corresponding  temperature  of  the  water  vapor  (Twv)  is 
more  than  the  temperature  of  the  reference  (300  K),  liquid  water 
is  formed  based  on  Eq.  (7). 


P<  = 


n 


wv 


Xdry  T-  fl-wv 


where  Ps  is  partial  pressure  of  water  vapor  at  T  =  300  K 
(considered  0.0316)  and  xdry  is  the  summation  of  mole  fraction  of 
all  products  except  water.  The  modified  chemical  exergy  is 
calculated  based  on  the  Dincer  et  al.  [16]  method.  The  modified 
chemical  exergy  is  constituted  of  two  terms;  the  first  term  is  the 
specific  chemical  exergy  (from  Eq.  (5))  multiplied  by  the  percent¬ 
age  of  dry  combustion  gases  (xdry)  and  the  second  term  is  the  prod¬ 
uct  of  the  specific  chemical  exergy  of  liquid  water  and  the  molar 
fraction  of  liquid  water  due  to  the  condensation.  By  calculation 
of  physical  and  chemical  exergy,  the  total  exergy  of  the  exhaust 
gases  at  the  outlet  of  the  chamber  would  be  computable. 

€X0ut  —  PXchput  3“  €Xph,out  (8) 


The  total  mass  flow  rate  of  flue  gases  is  computed  with  respect 
to  the  mass  flow  rate  of  fuel  and  oxidizer.  Based  on  ref  [51],  the 
exergy  of  fuel  is  set  based  on  the  Eq.  (9). 

^inletjuel  =  (p  X.  LHV  (9) 


Lower  heating  value  of  methane  is  500,016  kj/kg  and 
cPcha  —  1-06. 

Moreover  exiniet  oxidizer  is  calculated  through  Eq.  (10). 


€Xin,0  —  Cp(T;n 


By  applying  the  general  exergy  balance  for  the  combustor,  the 
rate  of  exergy  destruction  is  calculated. 


Exq  t-  ^minletexinlet  —  ^  ^rh outlet £X0U{  +  Exw  t-  Ex^ 

inlet  outlet 

Hence 


EXd  =  Qcv 


"T  Wlinlet  oxidizer CXin.o  "T  EtlfQXf  (lElin.o  +  EElf  )CXoud 


(12) 


3.  Results  and  discussion 

Comparison  between  numerical  and  experimental  results  of 
conventional  and  flameless  combustion  regimes  confirms  that 
the  numerical  solution  has  about  5%  over  prediction  compared  to 
the  experimental  records.  These  discrepancies  could  be  attributed 
to  the  errors  related  to  the  measurement  equipment  and  adverse 
factors.  Therefore,  exergy  analysis  of  various  combustion  modes 
based  on  numerical  approach  could  be  reliable.  Fig.  2  illustrates 
the  effects  of  inlet  air  temperature  on  the  exergy  destruction  in 
various  equivalence  ratios.  The  maximum  exergy  efficiency  could 
be  obtained  in  stoichiometric  combustion  (cp  =  1.  Also  the  rate  of 
exergy  destruction  reduces  when  the  temperature  of  combustion 
air  increases. 

Fig.  2  shows  that  the  total  exergy  loss  is  minimized  with  the 
increase  in  inlet  air  temperature.  These  variations  could  be  attrib¬ 
uted  to  the  reduction  of  thermal  diffusion  as  well  as  chemical  reac¬ 
tion  contributions.  The  stability  of  the  preheated  air  conventional 
combustion  could  be  ensured  due  to  the  increases  of  flame  temper¬ 
ature  and  consequently  reduction  of  the  temperature  gradient 
resulting  diffusive  heat  flux  mitigation.  The  chemical  reactions  that 
are  occurred  in  the  high  temperature  conventional  flame  reduce 
their  contribution  to  the  exergy  loss.  Fig.  3  demonstrates  fuel 
consumption  and  NO*  formation  in  preheated-air  methane 
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Fig.  2.  Effects  of  inlet  air  temperature  on  the  exergy  efficiency  in  conventional 
combustion  with  respect  to  various  equivalence  ratios. 


conventional  combustion.  From  this  Figure,  it  can  be  seen  that  the 
rate  of  NO*  formation  increases  exponentially  when  the  tempera¬ 
ture  of  oxidizer  increases.  This  fact  is  attributed  to  NO*  formation 
via  thermal  NO*  mechanism  [52  .  Although  fuel  consumption 
reduction  is  one  of  the  main  advantages  of  this  method  (Fig.  3 A), 


Fig.  3.  (A)  CH4  consumption  and  (B)  NO*  formation  in  preheated-air  conventional 
combustion. 


due  to  extremely  high  NO*  formation  (Fig.  3B),  this  method  of 
combustion  is  not  recommended.  NO*  formation  reduction  in  the 
combustion  processes  is  essential  to  control  acid  rain,  global 
warming,  smog,  ozone  depletion  and  greenhouse  gases  effects. 
NO*  is  constituted  due  to  the  reaction  of  nitrogen  (N2)  and  oxygen 
within  a  locally  high  temperature  region.  The  environment  can  be 
endangered  by  increasing  NO*.  At  extremely  high  temperatures,  N2 
and  02  react  through  Zeldovich  chemical  mechanisms  (Eq.  (13)). 

O  +  N2  -►  NO  +  N 

N  +  02^N0  +  0  (13) 

N  +  OH  -►  NO  +  H 

The  reaction  rate  constants  of  the  reactions  are  selected  from  ref 
[53].  Thermal  NO*  formation  is  quickened  at  high  temperatures 
and  the  rate  of  generation  augments  quickly  with  increasing 
temperature. 

Som  et  al.  [54]  reported  that  the  high  temperature  gradients  in 
the  combustion  zone  is  the  main  source  of  combustion  irreversibil¬ 
ities.  One  of  the  most  important  priorities  of  flameless  combustion 
is  the  uniformity  of  temperature  inside  the  chamber.  The  mean 
temperature  within  the  chamber  is  lower  than  conventional  mode 
and  hot  spots  are  eliminated.  Thus,  not  only  NO*  formation  reduc¬ 
tion  is  predicted  in  flameless  mode,  but  also  exergy  destruction 
reduction  is  predictable.  Fig.  4  shows  the  volumetric  of  tempera¬ 
ture  distribution  inside  the  chamber  in  conventional  and  flameless 
combustion  (T  =  300  K,  Oxygen  concentration  =  7%). 

Compared  to  the  conventional  combustion,  the  rate  of  fuel  con¬ 
sumption  decreases  dramatically  in  flameless  mode  (for  instance 
in  the  stoichiometric  combustion  fuel  consumption  in  conven¬ 
tional  combustion  and  flameless  mode  were  recorded  0.322  g/s 
and  0.191  g/s  respectively).  Furthermore,  NO*  formation  reduces 
due  to  hot  spot  elimination  and  thermal  NO*  suppression.  From 
observations,  it  can  be  construed  that  moderate  temperature 
inside  the  flameless  chamber  is  the  main  cause  of  thermal  NO*  sup¬ 
puration  and  consequently  low  NO*  formation.  Depend  on  the 
combustion  regime,  equivalence  ratio  and  oxidizer  temperature, 
the  mole  fraction  of  produced  gaseous  fuel  is  various.  Fig.  5  demon¬ 
strates  the  mole  fraction  of  the  most  important  products  of  CH4 
combustion  in  different  states  based  on  the  computational  results. 

The  rate  of  N2  in  the  exhaust  gases  is  higher  in  the  flameless 
mode  compared  to  the  conventional  combustion  because  combus¬ 
tion  air  is  diluted  by  nitrogen.  This  fact  implies  that  02  concentra¬ 
tion  in  the  exhaust  is  gases  is  very  low  in  the  flameless  mode.  Fig.  6 
shows  the  concentration  of  various  species  of  combustion  reac¬ 
tants  like  CH4  and  02,  and  combustion  products  such  as  CO,  C02 
and  FI20  in  both  conventional  and  flameless  combustion.  The  spe¬ 
cies  distribution  is  the  result  of  chemical  reaction  as  well  as  mass 
transport  process  in  multicomponent  circumstances. 

In  both  combustion  modes,  CFI4  consumed  rapidly  at  the  burner 
zone  and  its  concentration  decreases  drastically.  Therefore,  CF14 
species  could  be  observed  only  inside  the  flame  region  in  conven¬ 
tional  combustion  and  near  burner  in  the  flameless  mode  (Fig.  6A). 
The  co-flow  oxidizer  jet  transports  the  peripheral  side  of  the  flame 
in  the  traditional  combustion.  Oxygen  is  consumed  at  the  flame 
surface  and  its  trace  is  located  at  the  flame  region  in  conventional 
mode.  However,  the  low  oxygen  concentration  in  flameless  region 
consumed  rapidly  near  the  burner  zone  (Fig.  6B).  In  conventional 
combustion,  CO  is  formed  inside  the  flame  and  it  could  be  found 
inside  surface  of  the  flame  due  to  the  shortage  of  oxygen.  The  lack 
of  oxygen  inside  the  flame  is  responsible  for  CO  formation  in  this 
region.  CO  species  that  comes  outside  of  the  flame  front  surface 
are  consumed  readily  with  oxygen.  In  flameless  combustion  mode, 
CO  formation  is  developed  throughout  the  furnace  due  to  low 
oxygen  concentration  (Fig.  6C).  In  CH4  two-step  combustion  model 
following  chemical  reactions  are  occurred  [55]: 
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Fig.  4.  Temperature  distribution  inside  the  chamber  (A)  conventional  combustion,  (B)  flameless  combustion,  and  (C)  temperature  distribution  in  the  centerline  of  the  furnace. 
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Fig.  5.  Mole  fraction  of  combustion  products  in  the  various  combustion  modes. 


CH4  +  3/202  - 

CO  +  2H20 

(14) 

CO  + 1/202  — 

*C02 

(15) 

In  reaction  (14),  CO  and  H20  are  constituted;  while  in  the  reac¬ 
tion  (15),  CO  is  converted  to  C02  in  the  presence  of  02.  Since  low 
oxygen  concentration  is  associated  with  the  flameless  mode,  CO 
could  not  converted  to  C02.  Thus,  the  rate  of  CO  formation  in  the 
flameless  mode  is  extended  throughout  the  furnace.  C02  and  H20 
are  constituted  in  the  flame  front  of  conventional  mode  and  based 
on  the  diffusive  rates  they  are  transported  in  all  directions.  The 
transport  of  H20  and  C02  species  in  the  flameless  mode  continue 
downstream  until  the  exit  plane  is  reached  (Fig.  6D  and  E).  In  the 
traditional  combustion,  the  major  mass  transport  takes  place  in 
the  flame  zone  due  to  the  sudden  mitigation  of  reactants  concen¬ 
tration  and  huge  amount  of  combustion  products  generation. 
Therefore,  combustion  irreversibility  and  consequently  entropy 
generation  is  appeared  due  to  heat  and  mass  transport  processes. 
The  rate  of  irreversibilities  are  maximized  at  locations  where  the 
field  gradient  are  high.  Fig.  7  depicts  the  contours  of  local  volumet¬ 
ric  entropy  generation  in  both  studied  combustion  modes. 

From  this  figure,  it  can  be  construed  that  the  entropy  generation 
occurs  within  the  flame  front  in  conventional  mode.  Since  the  rate 
of  entropy  generation  is  higher  near  the  base  of  the  flame,  it  can  be 
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Fig.  6.  Concentration  of  various  species  inside  the  furnace  (A)  CH4,  (B)  02,  (C)  CO,  (D)  C02,  and  (E)  H20. 


concluded  that  the  flame  is  more  intense  near  the  burner  (Fig.  4A 
shows  this  fact).  In  the  contrary,  at  the  tip  of  the  conventional 
flame,  the  flame  is  weak  and  the  entropy  generation  rate  is  low. 
CH4  concentration  is  more  near  the  burner  and  thus  higher  diffu¬ 
sion  rate  of  fuel  towards  the  flame  front  is  observed.  In  the  further 
locations,  CF14  concentration  reduces  due  to  fuel  consumption  and 
the  intensity  of  the  flame  mitigates.  In  the  flameless  combustion 
regime,  entropy  generation  is  weaker  due  to  lower  concentration 
of  CF14  and  high  momentum  of  hot  co-flow  oxidizer.  In  addition, 
entropy  generation  via  thermal  diffusion  in  conventional  combus¬ 
tion  is  stronger  than  flameless  mode  due  to  very  high  temperature 
gradient  in  front  of  the  conventional  burner.  Furthermore,  in  con¬ 
ventional  combustion,  high  temperature  gases  constitute  a  thermal 
stratification  near  the  core  and  the  fresh  inlet  air  forms  a  zone  near 
the  walls  and  around  the  flame  periphery.  Thus  an  annular  zone 
between  the  walls  and  the  core  is  generated  which  the  rapid 


temperature  reduction  causes  high  rates  of  heat  transfer.  Due  to 
this  high  temperature  gradient,  high  diffusion  of  heat  is  developed 
throughout  the  chamber  and  generates  entropy.  With  respect  to 
the  calculation  of  liquid  water  chemical  exergy  of  the  combustor 
is  shown  in  Fig.  8. 

From  this  Figure,  it  can  be  seen  that  chemical  exergy  of  flame¬ 
less  combustion  is  lower  than  conventional  mode  when  dilution 
of  oxidizer  is  done  by  N2.  The  very  high  chemical  exergy  of  C02- 
based  diluted  oxidizer  flameless  mode  could  be  attributed  to  the 
high  concentration  of  C02  at  the  combustion  products.  The  mole 
fraction  of  C02  at  the  flameless  combustion  products  was  recorded 
0.0311  and  0.164  for  N2  and  C02  oxidizer  dilution  methods  respec¬ 
tively.  Since  the  standard  chemical  exergy  of  C02  is  extremely 
higher  than  other  products,  very  high  chemical  exergy  in  C02- 
based  diluted  flameless  combustion  is  reasonable.  Although 
chemical  exergy  of  C02-based  dilution  method  of  flameless  mode 
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Fig.  7.  Local  volumetric  entropy  generation  in  (A)  conventional  and  (B)  flameless  combustion. 
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Fig.  8.  Chemical  exergy  of  various  combustion  modes. 


is  very  high,  the  exergy  efficiency  of  this  method  was  computed 
88%  which  is  higher  than  conventional  combustion  by  around  75%. 

Figs.  9  and  10  depict  the  rate  of  entropy  generation  within  the 
furnace  and  exergy  efficiency  of  various  combustion  modes 
respectively. 

The  exergy  of  oxidizer  inlet  in  flameless  mode  is  higher  than 
conventional  mode  due  to  high  temperatures  of  oxidizer,  however 


Distance  from  burner  (mm) 

Fig.  9.  Entropy  generation  in  the  centerline  of  the  chamber. 


in  order  to  achieve  a  certain  combustion  condition  (for  example 
stoichiometric  combustion)  the  rate  of  fuel  inlet  decrease  drasti¬ 
cally.  Since  the  rate  of  total  fuel  and  air  inlet  reduces  dramatically 
in  flameless  mode,  exergy  destruction  decreases  and  the  rate  of 
total  exergy  efficiency  enhances. 
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Fig.  10.  Exergitic  efficiency  of  the  chamber. 


4.  Conclusion 

Since  the  rate  of  exergy  destruction  in  combustors  is  very  high 
in  industries  especially  in  CHP  generation,  study  on  various  aspects 
of  combustion  has  been  highlighted.  Irreversibilities  of  combustion 
phenomena  are  attributed  to  the  high  temperature  gradients  inside 
the  chamber.  Thus  since  the  temperature  of  flameless  combustion 
is  moderate  and  lower  than  conventional  mode,  application  of 
flameless  combustion  could  be  effective  in  terms  of  pollutant  for¬ 
mation  mitigation  and  exergy  efficiency  augmentation.  In  the 
flameless  combustion,  hot  spots  are  eliminated  therefore;  low 
NOx  emission  as  well  as  low  exergy  destruction  could  be  achieved. 
In  the  preheated  air  conventional  combustion,  although  exergy 
efficiency  is  improved,  pollutants  especially  NO*  formation 
increases  drastically.  Fuel  consumption  as  well  as  irreversibilities 
reduce  in  flameless  mode.  Maximum  exergy  efficiency  was 
recorded  in  stoichiometric  combustion  circumstances.  Exergy  effi¬ 
ciency  of  flameless  combustion  was  around  13%  higher  than  con¬ 
ventional  mode  in  stoichiometric  combustion.  When  C02  is  used 
for  dilution  of  oxidizer,  chemical  exergy  increases  due  to  high 
C02  concentration  in  the  combustion  products  and  exergy  effi¬ 
ciency  reduces  around  2%  compared  to  dilution  with  nitrogen  (N2). 
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